The combined effects of anthropogenic and environmental stressors on Fundulus grandis development by Klinkhamer, Christopher Jacob
Purdue University
Purdue e-Pubs
Open Access Theses Theses and Dissertations
Summer 2014
The combined effects of anthropogenic and




Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Medicine and Health Sciences Commons, and the Toxicology Commons
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation
Klinkhamer, Christopher Jacob, "The combined effects of anthropogenic and environmental stressors on Fundulus grandis















Publication Delay, and Certification/Disclaimer (Graduate School Form 32)??????????????????????????







THE COMBINED EFFECTS OF ANTHROPOGENIC AND ENVIRONMENTAL STRESSORS








THE COMBINED EFFECTS OF ANTHROPOGENIC AND ENVIRONMENTAL 
STRESSORS ON FUNDULUS GRANDIS DEVELOPMENT  
A Thesis 





In Partial Fulfillment of the 
Requirements for the Degree 
of 
Master of Science 
August 2014 
Purdue University 
West Lafayette, Indiana 
   
ii 




ABSTRACT ........................................................................................................... iii 
CHAPTER 1. INTRODUCTION ............................................................................. 1 
CHAPTER 2. MATERIALS AND METHODS ........................................................ 4 
CHAPTER 3. RESULTS ...................................................................................... 11 
CHAPTER 4. DISCUSSION ................................................................................ 21 
CHAPTER 5. FUTURE CONSIDERATIONS ...................................................... 24 







Klinkhamer, Christopher M.S., Purdue University, August 2014. The Combined 
Effects of Anthropogenic and Environmental Stressors on Fundulus grandis 




The 2010 Deepwater Horizon oil spill resulted in the release of ~ 5 million barrels 
of crude oil from the Macondo wellhead into the Gulf of Mexico. Oil from the spill 
was documented on 1,772km of shoreline with 847km of shoreline remaining 
oiled a year after the spill, and 687km of shoreline remaining oiled two years after 
the spill. Currently, there are few data available concerning long-term, sublethal 
effects associated with chronic exposure to crude oil in the Gulf of Mexico. In 
addition to the anthropogenic-induced stress of polycyclic aromatic hydrocarbon 
(PAH) exposure, aquatic organisms living in estuarial areas of the Gulf of Mexico 
must also contend with environmental stressors including large fluctuations in 
dissolved oxygen (DO), temperature, and salinity. For this study, Fundulus 
grandis was chosen as a model species to investigate the combined effects of oil 
contaminants (PAHs) and environmental stressors. Embryos <24hpf were 
exposed to various PAH concentrations and environmental conditions (DO: 2, 
6ppm; temperature: 20, 25, 30°C; salinity: 3, 7, 30ppt) until hatching and 
concentrations eliciting 50% mortality (LC50) calculated. Regardless of 
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environmental conditions, LC50 values fell within a narrow range (43.2 – 
77.2ppb), with the exception of one experiment conducted at high DO (6ppm), 
low temperature (20°C) and high salinity (30ppt) resulting in an LC50 value of 
357.1ppb. The data suggest that low temperatures and high salinities, such as 
may be present in estuarial waters of the Gulf of Mexico, may significantly reduce 
sensitivity to PAH exposure during early life stage development. The results of 
this study may be used to construct population models for Fundulus grandis 
based on environmental conditions and oiling known to exist in the Gulf of 
Mexico.
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The 2010 Deepwater Horizon oil spill resulted in the release of some 5 million 
barrels of crude oil from the Macondo wellhead into the Gulf of Mexico (McNutt et 
al., 2011). Oil from the spill was documented on 1,772km of shoreline with 
847km of shoreline remaining oiled, as defined by the Shoreline Cleanup 
Assessment Technique (SCAT) generated in response to the Exxon Valdez oil 
spill, a year after the spill began, and 687km of shoreline remaining oiled two 
years after the spill (Michel et al., 2013). Concentrations of polycyclic aromatic 
hydrocarbons (PAHs) immediately following the spill were reported as high as 
189ppb (Diercks et al., 2010).  
 
While the immediate effects of acute exposure to crude oil in the weeks and 
months following the spill have been well studied for many organisms (Soniat et 
al., 2011; Finch et al., 2011; Powers et al., 2013) there are far fewer data 
available concerning long-term, sublethal effects associated with chronic 
exposure to crude oil in the Gulf of Mexico with only a handful of studies 
evaluating the toxicity of PAHs on aquatic organisms typical of the area (Garcia 
et al., 2012). Of particular concern are sub-lethal effects associated with PAH 
exposure during the early life stage development of aquatic organisms, 
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particularly exposure taking place before or during gastrulation when embryos 
are more vulnerable to abiotic and biotic stressors (Carls and Thedinga, 2009). In 
addition to the anthropogenic-induced stress of PAH exposure, aquatic 
organisms living in estuarine areas of the Gulf of Mexico must also contend with 
environmental stressors including large fluctuations in dissolved oxygen (DO), 
temperature, and salinity. Engle et al. (1997) estimate that 5 to 29% of the total 
estuarine areas in the Gulf of Mexico are affected by hypoxic conditions (DO < 
2ppm) and undergo large daily variations in salinity ranging from 0 – 15ppt. 
These environmental stressors alone can have dramatic effects on the 
development and reproduction of aquatic species. For example, previous studies 
have shown that elevated salinity levels during embryogenesis of F. grandis (15 
– 30ppt) result in increased urea production by the embryo, significantly 
decreasing and delaying hatching (Brown et al., 2012). Low DO levels during 
embryogenesis have also been shown to increase mean hatching time in teleosts 
(Dimichelle and Taylor, 1980), and the interaction between salinity and 
temperature has been shown to affect the survival and yolk utilization by 
Fundulus embryos (Linden et al., 1979; Brown et al., 2011).  
 
The goal of this study is to identify specific sets of environmental conditions that 
may increase or decrease the sensitivity of F. grandis embryos during 
embryogenesis. The results of this study can then be used to inform decision 
makers on how to prioritize spill response efforts, create population models, and 
better understand the ecological consequences of a large-scale oil spill. 
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Table 1: Expected outcomes of experiments. Dark green represent ideal 
conditions for embryo survival and hatching for Fundulus grandis followed by 
light green; light red; and dark red representing the worst conditions. 
Temperature (˚C) 20 ± 1 25 ± 1 30 ± 1 
Salinity (ppt) 3 30 7 3 30 
Dissolved 
Oxygen (ppm) 




































Animal Model: Fundulus grandis was chosen as a model species for this study 
because it is present along the Gulf of Mexico shore and is easily cultured under 
laboratory conditions (Green, 2013). In addition, F. grandis typically inhabit costal 
marshes and estuaries, and are well adapted to wide and rapid fluctuations in 
temperature, DO, and salinity (Green, 2013). Held outdoors, F. grandis spawn 
continuously in lunar cycles from March to October with peak spawning occurring 
when water temperatures are between 23˚C and 28˚C (Green, 2013). Together 
these characteristics indicate that F. grandis were likely to be present in the 
estuarine areas of the Gulf of Mexico, and were likely to be spawning throughout 
the duration of the spill.  
 
Male F. grandis (Figure 1A) are speckled with white fin margins and slightly 
larger than the females, which are olive in color (Figure 1B). Normal development 
of Fundulus species occurs from 16˚C to in excess of 26˚C under a wide range of 
salinities (Armstrong and Child, 1965). While a full set of developmental stages 
for F. grandis has yet to be published, F. heteroclitus serves as a model for 
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identifying normal stages of development. Development of F. heteroclitus occurs 
in 39 distinct stages over the course of 16 or more days, depending on 
environmental conditions (Armstrong and Child, 1965).  
For this study adult F. grandis were collected from the Gulf of Mexico near Biloxi, 
Mississippi, held in quarantine for a minimum of 14 days. Quarantined F. grandis 
were shipped overnight and cultured at The Aquatic Research Laboratory at 
Purdue University. Adult F. grandis were held in sets of two females and one 
male per 35-gallon tank. A total of 12 tanks were connected as part of a 500-
gallon recirculating aquaculture system complete with mechanical, biological, and 
UV filtration. Breeding pairs were fed twice daily with frozen chironomids and 
Purina Aquamax floating trout pellets (morning), and frozen brine shrimp and 
Purina Aquamax floating trout pellets (evening). Environmental conditions of the 
whole system were maintained at 25 ± 1˚C and 16L: 8D photoperiod. Culture 
media was reconstituted saltwater prepared using Fritz SuperSalt Concentrate 
for a salinity of 15ppt. Embryos <24 hours post fertilization (hpf) were collected in 
submerged SpawnTex mats, and released by gently tapping the mats over the 




Figure 1. Adult male (A) and female (B) Fundulus grandis. Red bar = 1cm. 
 
 
Experimental Design: F. grandis embryos <24hpf were collected from 10 sets of 
breeding pairs consisting of two females and one male per pair, and examined 
under a microscope to confirm viability by the presence of protoplasm in a typical 
biconvex lens structure and the formation of blastomeres. Embryos lacking these 
features and any abnormally developing embryos were discarded. Live embryos 
were selected at random and transferred to 22mL glass vials filled completely 
with exposure water corresponding to each treatment group and sealed with 
Teflon caps. A total of 6 embryos/vial with four replicates per treatment group 
were utilized. Treatment groups consisted of a control as well as 30:1, 60:1, 
120:1, 240:1, 480:1, and 960:1 dilutions of high energy water accommodated 
fractions (HEWAF) of PAHs for each set of environmental conditions as 
described in Table 1. Every 24h, a 100% exchange of exposure media was 
performed, and PAH fluorescence, temperature, DO, embryo survival, and 
embryos hatched recorded. Prior to filling vials with sample water, temperature 
was measured using a YSI PRO1020 multi-parameter meter, salinity was 
measured using a Pentair Vital Sine SR6 handheld refractometer, and 
A B 
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fluorescence was measured using a Turner Designs AU-10 Fluorometer. 
Temperature was maintained by placing the vials in an environmental chamber. 
Experiments ended when all of the embryos had either hatched or been recorded 
as dead. Hatched embryos were flash frozen in liquid nitrogen and stored at -
80˚C for future analysis. 
 
Dissolved Oxygen Sensing: Since several of the experiments required very low 
levels of DO, it was necessary to measure DO with minimal disturbance to the 
exposure water thereby reducing the risk of inadvertently raising DO levels by 
agitating. In order to confirm that DO levels were being maintained at the 
appropriate levels throughout the duration of the experiment, individual oxygen 
sensors were placed in each vial used for exposures. Sensors were made by 
mixing 2g chloroform, 300mg 5µm TiO2 particles, and 15mg Platinum(II) meso-
tetrakis(pentafluorophenyl)porphyrin (PtTFPP) with 6 polystyrene pellets. All 
chemicals were purchased from Sigma Aldrich. The dissolved mixture was 
applied to the clear glass bottom of each exposure vial and allowed to dry for 24 
h prior to the experiments (Figure 2). PtTFPP is an oxygen sensitive dye that 
fluoresces in proportion to the oxygen level of the environment. Fluorescence 
readings were recorded and converted to ppm DO using a Tau Theta data logger 
and optrode (Figure 3). 
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Figure 2. Exposure vials (22ml) with dried oxygen sensors (red) painted on the 
bottom of each vial. 
 
Figure 3. Oxygen sensing platform shown reading a six-well plate. 
 
9 
High Energy Water Accommodated Fractions (HEWAF): HEWAF was prepared 
by mixing 2g Macondo crude oil, supplied by British Petroleum, with 2L 
reconstituted saltwater in a Waring model CB15 commercial blender for 30s. The 
blended liquid was then decanted into a separatory funnel and allowed to settle 
for 1h. A 1L aliquot of the settled liquid was collected in amber glass bottles and 
stored at 4˚C for use in exposures. New HEWAF was prepared every 72h 
throughout the duration of the experiments and serial diluted to reach the desired 
concentration. 
 
HEWAF Fluorescence: A Turner Designs 10-AU fluorometer was used to 
measure total fluorescence emitted by the PAHs present in HEWAF as a cost-
effective approach for quantifying total PAH concentrations. Following the 
method described by Greer et al. (2012), 3.5mL samples of HEWAF were drawn 
out at the time of each water change and added to 3.5mL ethanol in glass 
scintillation vials. Samples were then sonicated for 3min to minimize hydrocarbon 
adhesion to the container and then centrifuged at 9,100G for 10 min to remove 
salt particles that may interfere with the fluorescence readings. a 5mL aliquot 
was drawn from the sample and placed in a quartz cuvette for analysis in the 
fluorometer. In order to create a calibration curve for estimating total PAH 
concentrations based on fluorescence, 750mL serial dilutions of HEWAF were 
prepared at each of the three salinities (as described in Table 1), packaged in 
amber glass bottles, packed in ice, and shipped overnight to the University of 
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Connecticut Center for Environmental Sciences and Engineering for total PAH 
quantification. 
 
Statistics: To determine LC50 data were tested for normality using a Shapiro-Wilk 
test. Normally distributed data sets were tested using Probit analysis and Non-
normal datasets were tested using Logit analysis. Differences between data sets 
were determined by a paired-t test. Differences between treatment groups were 
identified by a one way analysis of variance with Bonferroni adjustment. 
Significant differences were defined as p<.05. All statistics were calculated using 








HEWAF PAH concentration results from the University of Connecticut Center for 
Environmental Sciences and Engineering are shown in Table 2. These PAH data 
indicated a high proportion of naphthalene and naphthalene homologues were 
present in the prepared HEWAF at all three salinities used in the experiments. 
The double bonds of these compounds fluoresce when exposed to ultraviolet 
light. Fluorescence calibration curves, prepared as described in the methods 
section, were used to estimate total PAH concentrations for each experiment. 
The calculated values are summarized in Table 3. 
 
Results and conditions of the toxicity experiments are summarized in Tables 4 
and 5 and Figures 4-8. After 60 days of exposure none of the embryos in low DO 
conditions hatched. Control embryos from these experiments were examined 
under the microscope and transferred to open aquaria at brood stock conditions 
for an additional seven days to confirm that none of these embryos had survived. 
For experiments conducted under high DO conditions, LC50 values fell within a 
narrow range (43.2 – 77.2ppb) with no significant differences between 
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environmental conditions with the exception of the 20˚C, 30ppt salinity, 6ppm DO 
experiment which resulted in an LC50  of 357.7ppb Mean time to hatch of controls 
at 20˚C and 3ppt salinity was 26.5d ± 0.6d with 95.8% ± 6.8% of controls 
surviving to hatching. Similarly mean time to hatch of controls at 20˚C and 30ppt 
salinity was 36.5d ± 1.0d with 91.7% ± 6.8% of controls surviving to hatching. 
Experiments conducted at 30˚C exhibited shorter hatching times as well as lower 
rates of survival and hatching, compared to those conducted at 20˚C. Mean time 
to hatch of controls at 30˚C and 3ppt salinity was 15.5 ± 1.0d with 66.7% ± 6.8% 
of controls surviving to hatching. Mean time to hatch of controls at 30˚C and 
30ppt salinity was 24.5d ± 1.0d with 62.5% ± 4.2% of controls surviving to 
hatching. The experiment conducted at 25˚C and 7ppt salinity had the best 
combination of short hatching rates and increased survival with mean time to 
hatch of controls occurring at 18.8d ± 0.5d with 85.3% ± 6.8% of controls 
surviving to hatching. 
 
Mean time to death, shown in figures 9-13, decreased for all treatment groups as 
temperature increased. Additionally the total number of mortalities as 
temperature increased. There were no significant differences in mean hatching 
time (Figure 5) among treatment groups. Mean hatching times between 
experiments were influenced primarily by temperature and salinity. 
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Table 2: Polycyclic aromatic hydrocarbon (PAH) constituents (ppb) of undiluted High Energy Water Accommodated 








































































































































































































3 112 ND 1.1 3.5 6.6 71 14.6 35.8 10.4 4.0 4.5 8.0 8.7 121 68.5 18.1 157.0 234 514 
7 123 0.9 1.0 2.0 3.9 64 12.3 26.2 8.2 2.6 2.9 4.0 4.5 113 54.2 11.1 124 193 447 
30 135 ND 1.1 2.2 4.1 56 10.6 22.6 7.2 2.3 2.7 3.8 4.7 98.8 47.1 10.1 110 171 423 
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20-3-6 30.4 ± 1.5 955.7 ± 27.7 20.2 ± 0.8 6.3 ± 0.2 
20-30-6 30.3 ± 5.0 1416 ± 132.6 19.8 ± 0.3 6.3 ± 0.4 
25-7-6 30.9 ± 1.3 1120 ± 5.2 25.4 ± 0.5 6.3 ± 0.2 
30-3-6 31.1 ± 1.2 979.3 ± 17.1 30.1 ± 0.6 6.4 ± 0.2 
30-30-6 31.7 ± 0.9 1487 ± 75.5 30.4 ± 0.7 6.3 ± 0.3 
 
Table 4: Lethal concentrations of polycyclic aromatic hydrocarbons for the 
different conditions tested. All embryos from the low dissolved oxygen (2ppm) 
treatments died.  
Experiment 
(°C-ppt-ppm) 











20-3-6 77.2 37.1 – 160.3 95.8% ± 6.8% 26.5d ± 0.6d 
20-30-6 357.7 167.7 – 761.3 91.7% ± 6.8% 36.5d ± 1.0d 
25-7-6 55.3 32.8 – 93.4 85.3% ± 6.8% 18.8d ± 0.5d 
30-3-6 43.2 21.1 – 88.8 66.7% ± 6.8% 15.5 ± 1.0d 




Table 5: Mean ±SE time to hatch. 
Experiment 
(°C-ppt-ppm) 
Treatment Group (PAH dilution) 
Control 30:1 60:1 120:1 240:1 480:1 960:1 







































































Figure 4. Survival curve for the 20°C, 3ppt salinity, 6ppm DO conditions. 
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Figure 5. Survival curve for the 20°C, 30ppt salinity, 6ppm DO conditions.  
 
Figure 6. Survival curve for the 25°C, 7ppt salinity, 6ppm DO conditions. 
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Figure 7. Survival curve for the 30°C, 3ppt salinity, 6ppm DO conditions.
 




Figure 9. Mean time to death curve for the 20°C, 3ppt salinity, 6ppm DO 
conditions. 
 




Figure 11. Mean time to death curve for the 25°C, 7ppt salinity, 6ppm DO 
conditions. 
 













This study investigated the combined effects of anthropogenic and environmental 
stressors on the early life stage development of F. grandis by assessing the 
sensitivity of embyos to PAH exposure under a variety of environmental relevant 
PAH concentrations (Dierks et al., 2010). While none of the low DO experiments 
produced any surviving larvae, it is important to note that the purpose of this 
study was to identify conditions that might influence the sensitivity of F. grandis to 
PAH exposure during embryogenesis. As such, 2ppm DO was chosen as a worst 
case scenario of extreme hypoxic conditions. In reality embryos in estuarine 
areas of the Gulf of Mexico are likely to be exposed to a wide range of DO levels 
(Engle et al. 1997) An additional point to consider regarding the low DO 
experiments is that some events associated with F. grandis and F. heteroclitus 
development are known to be tied to ambient DO levels. For instance, hatching 
can be triggered in both species by lowering the DO concentration below 4.5ppm 
(Brown et al., 2012). Further experimentation is required to identify a minimum 
DO threshold necessary for the normal development of F. grandis embryos.
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For the majority of the experiments, differences in environmental conditions had 
no significant effects in terms of PAH sensitivity. Only one experiment, that 
conducted at 20°C, 30ppt salinity, 6ppm DO, resulted in an LC50 value 
significantly different from the other experiments (p<.05). One possibility for the 
observed reduction in PAH sensitivity under these conditions is a reduction in 
PAH solubility due to salinity. A prior study by Shukla et al. (2007) showed a 
reduction in the uptake of PAHs from water-soluble fractions of crude oil in 
Tilapia mossambica with increased salinity in a range of 0 – 15ppt. Reduced 
temperatures may also play a role in the observed reduction in PAH sensitivity 
under these conditions, Dohányosová et al. (2003) showed that PAH solubility in 
water significantly decreases as temperature decreases. It is also possible that 
synergistic effects resulting from the combination of low temperature (20°C) and 
high salinity (30ppt) could be responsible for the observed reduction in PAH 
sensitivity in this experiment. Further experimentation is necessary to confirm the 
presence of synergistic interactions between salinity and temperature or to 
isolate which variable is truly responsible. 
 
Differences in survival and mean hatching time between experiments can be 
explained by environmental factors. Increased incubation temperatures have 
been shown to accelerate embryonic development and can lead to premature 
hatching (Linden et al. 1979). Hatching itself is not dependent upon 
developmental stage, but occurs once tissues responsible for producing the 
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enzymes necessary for hatching are present (Brown et al., 2012). Previous 
studies on the effects of temperature and salinity on the embryogenesis of F. 
heteroclitus (Linden et al., 1979; Dimichelle and Taylor, 1980) and F. grandis 
(Brown et al., 2010; Brown et al., 2012; Green, 2013) have shown that the effects 
of temperature are magnified as salinity increases and are consistent with the 
results presented here.  
 
These experiments investigated the combined effects of anthropogenic and 
environmental stressors on the embryogenesis of F. grandis. The data suggest 
that low temperatures and high salinities, such as may be present in estuarial 
waters of the Gulf of Mexico, may significantly reduce sensitivity to PAH 
exposure during early life stage development. The results also indicate that some 
minimum DO concentration is necessary for the normal development of F. 
grandis development to occur.  
 
The results of this study can then be used to inform decision makers on how to 
prioritize spill response efforts, serve as a building clock in the creation of 
population models, and better understand the ecological consequences of a 
large-scale oil spill. 
24 




Future studies should focus on determining whether the observed reduction in 
PAH sensitivity under low temperature, high salinity conditions is attributable to 
temperature, salinity, or a combination of factors. Further work is also needed to 
determine where the minimum threshold of dissolved oxygen necessary for 
successful embryonic development and hatching of F. grandis lies. In addition, 
molecular analysis of relative gene expression including the expression of 
CYP1A could provide additional insight regarding possible detrimental effects 
associated with combined exposure to PAHs and stressors. Currently work is in 
progress to develop a rapid assay of PAH sensitivity through single embryo 
respirometry. Finally, chronic and acute PAH exposures occurring at a variety of 
developmental stages as well as multi generation studies are necessary to create 
population models, and better understand the ecological consequences of a 
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